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The electrodeposition of nickel-rhenium alloys from Ni(II) and Re(VII) solution 
was studies in an aqueous acidic solution. Different plating current density and pH have 
been carried out, and the effect of them on the composition of the deposited Ni-Re alloy 
was studied. Wavelength-dispersive spectrometer (WDS) was used to measure the 
composition of Ni-Re alloy. The thermal stability of nickel-rhenium alloy system has 
been investigated.  Differential scanning calorimetry (DSC) tests have been conducted for 
the electroplated Ni-Re samples in order to find the possible heating initiated interactions 
at elevated temperatures.  To investigate the thermal stability of Ni-Re alloys, the 
samples were annealed under nitrogen environment for 90 minutes at 280°C, 350°C, 
600°C and 900°C.  Transmission electron microscopy (TEM) was used to exam the 
microstructures of Ni-Re alloy samples as-deposited and heat-treated.   The results show 
that the as-deposited Ni-Re material grain size for this plating condition is around 380nm.  
The results also show that after heating at 600°C for 90 minutes, there was no significant 
grain growth observed.  The microhardness and nanohardness of Ni-Re alloy were also 
studied with as-deposited and heat-treated samples.  Tensile strength was carried out by 
dynamic mechanical analyzer (DMA) at room temperature and elevated temperature of 
400°C. This research demonstrated a well developed, thermally stable and mechanically 
sound material system for LIGA/MEMS high temperature robust applications. 
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CHAPTER 1 REVIEW OF LITERATURE 
1.1 Nickel Electrodeposition and LIGA 
LIGA, an acronym of the German words “Lithographie, Galvanoformung, 
Abformung,” is an interested microfabrication process in which structural material is 
deposited into a polymethyl-methacrylate (PMMA) mold realized by deep X-ray 
photolithography1,2. The LIGA process was first developed at the Forschungszentrum 
Karlsruhe (FZK) in the mid-1980s 3 . Since that time, there has been considerable 
investment in process research, as well as technology maturation for commercial 
application, at institutions worldwide. A technique similar to LIGA that utilizes UV 
radiation instead of synchrotron radiation to produce patterns has also been developed 
and is usually referred to as UV-LIGA 4. LIGA parts typically have 1-10-um minimum 
lateral feature sizes, and are from hundreds of micrometers to a few millimeters thick. 
The processed wafers generally 3-6- in.-diameter may contain thousands of microparts or 
a few larger parts with small, precise features. The fabrication process includes: (a) wafer 
assembly, (b) PMMA exposure by X-ray synchrotron radiation, (c) to define a mold 
through chemical development, (d) deposition of material into the patterned mold, (e) 
overplated deposited features planarization, and (f) final release of the features from the 
mold and substrate5. The LIGA process is capable of producing high-precision small-
scale components with vertical sidewalls and flat surfaces that can be assembled to create 
complex microsystems. The material properties and microstructures of LIGA produced 
devicess depend primarily on the processing parameters in the electrodeposition step and 
postfabrication assembly methods. 
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Many investigations on mechanical-properties of materials fabricated from the 
LIGA process have focused on those materials that have a significant successful 
electroplating history, such as nickel, copper and gold2,6,7. Electroplated nickel as a LIGA 
structural material is easy to practice, has good mechanical and corrosion resistant 
properties and can be achieved with low internal stresses10,8. This is the reason that nickel 
is the key structural material operated in the LIGA process. In addition, several nickel-
based alloys and composites have been successfully electrodeposited7,9,10,11, providing the 
basis for a great range of alloys than can be operated to fabricate LIGA parts. However, 
as an electroplated material, nickel suffers from problems common to most electroplated 
materials: their mechanical properties are anisotropic, difficult to control, and very 
sensitive to electroplating operation conditions. Furthermore, LIGA components are free-
standing films whose properties are greatly influenced by local microstructural variations 
occasionally observed in electroplated materials. Therefore, to obtain a significant 
engineering impact, careful characterization and control of LIGA materials and processes 
are required to fabricate high quality, reliable components by this technology.  
Electroplated nickel has several well-known engineering applications (aside from 
LIGA), and a great deal of literature investigated the properties and microstructure of 
nickel electrodepositions. Electrodeposited nickel can have structural and property 
characteristics associated with many electrodeposited metals, such as tensile strength 
imparted by a fine grain structure and a response to heat treatments similar to that of 
cold-worked metals. There are four common types of microstructures, columnar, acicular, 
fine-grained, and banded, were founded in electroplated metals including nickel and 
nickel alloys. At low current densities from simple ion-acidic solutions contained no 
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additives, columnar microstructures are characteristic of deposits plated. In addition, 
columnar microstructures are controlled at slightly elevated temperatures11. Grains often 
nearly extend through the thickness of the deposit with widths that can exceed 10 µm. 
Acicular structures represent a refinement of columnar structures: they result in certain 
changes of parameters in the deposition process, such as the presence of organic additives 
in the electroplating bath that are thought to promote formation of new nuclei rather than 
growth of existing grains. The typical needlelike morphology has grain widths, on the 
order of a few microns and grain lengths 10 to 20 times the widths. Ultrafine-grained and 
banded structures are achieved from more chemically complex electrolyte solutions 
containing multiple metal ions and/or those with impurities. 
Electroplated columnar and acicular nickel microstructures invariably have 
crystallographic texture that is often common to the electric field defined by the deposit 
process. In thick deposits (greater than 10 µm), crystallographic texture of nickel deposits 
is completely free of substrate orientation and is thought to be controlled primarily by 
plating bath current density, pH, and organic complex bath additives, such as brighteners 
and levelers11.  Additionally, adjustments in pH, current density, and/or inclusion of 
organic compounds in the bath chemistry tend to inhibit nickel growth through formation 
of H2, Hads, and Ni(OH)2 species on or very near the plating substrate. These inhibitors 
significantly affect the texture of the deposition12,13,14. 
A significant amount of literature devoted to mechanical properties measurements 
on electroplated nickel has been published9,11, 15 . Table 1 summarizes those  
measurements on nickel deposits from sulfamate and Watts bath chemistries and 
compares them with two bulk fabricated nickel examples16. The significant range of 
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mechanical properties given in Table 1 is resulted in relatively small variations in bath 
chemistry, and plating conditions used in different reported results, demonstrating the 
high sensitivity of the mechanical properties of deposited materials on plating bath 
variables, such as bath chemistry, agitation, pH, and current density. The difficulties to 
control those variables are the significant drawback of electrodeposition as a structural 
component fabrication technique. Many investigators have cited a Hall-Petch relationship 
between the grain size and strength of the deposits17,18. Also, the highly textured-oriented 
grain morphology in electroplated nickel suggests a great amount of anisotropy in the 
mechanical response of this material, and variability of mechanical properties between 
electrodeposits of the same material suggests variability in their microstructure. 
 
Table 116. Summary of mechanical properties for electrodeposited and 
wrought nickel 
 






Sulfamate bath 170 to 230 300 to 600 500 to 910 
Watts bath  130 t 230 220 350 to 690 
Nickel 
201(annealed) 
__ 103 403 
Nickel 200 (cold 
drawn rod) 
__ 276 to 690 448 to 758 
 
Jaobson and Sliwa reported slow recovery and some grain growth of the initially 
electrodeposited nickel structure when subjected to 60 minutes anneals at temperatures 
between 100 °C and 900 °C . Evidence19 of recrystallization was first noted at 300 °C, 
and fully recrystallized after annealed 60 minutes at 600 °C. Rapid and abnormal grain 
growth occurred within the microstructures after recrystallization. Mechanical properties 
of these deposits closely followed the microstructure evolution imparted by annealing. At 
low annealing temperatures, slight decreases in strength and increases in ductility were 
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observed, while, at higher annealing temperatures, rapid decreases in strength and 
increase in ductility were observed. Strength and ductility values for electroplated nickel 
subjected to annealing treatments by other researchers are given in reference 9. 
 Structure-property relationships for nanocrystalline materials produced by 
electroplating have been extensively investigated over the past decade20. Nancrystalline 
metals, alloys and composites – free of extraneous porosity and having reproducible and 
well behaved microstrutures – have been applied rapidly in many different areas21,22. 
Examples include soft magnetic materials, catalysts, corrosion and wear resistant coating. 
Especially, electrodepostion nanocrystalline metals and alloys have been used in 
fabrication of microelectromechanical/nanoelectromechanical systems (MEMS/NEMS). 
For these applications, grain size control down to 10 nm or less and the associated high 
volume fraction of inter facial material, has been successfully applied to achieve 
remarkable property optimizations by a new grain boundary engineering design. 
 For the grain size range between 10 nm and 10 µm, it has been demonstrated that 
material properties scale differently with grain size21. Properties that strongly depend on 
the interactions of grain boundaries with other defects are greatly influenced by grain size 
reduction. Examples include creep behavior, ductility, harness, yield and tensile strength, 
and grain growth21. Similarly, high densities of grain boundaries have been shown to be 
of large importance in areas in which both the order of the perfect crystal and the disorder 
at the interface control the interaction of a solid with its environment. 
 Of particular importance for any nanocrystalline material is the thermal stability. 
From an application point of view, it is the onset of grain growth that ultimately limits 
service temperature of the material. It has been demonstrated by Chen and Spaepen23  
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that differential scanning calorimetry (DSC) techniques can be used to determine the 
parameters that characterize the grain growth process in nanocrystalline materials. They 
have pointed out that there are qualitative differences between calorimetric signals from 
nucleation and growth and grain growth mechanisms which, in addition to direct 
diffraction methods, can be helpful to distinguish a fine-grained structure from an 
amorphous state. For example, to observe the grain growth process upon heating is clear 
evidence of a nanocrystalline structure, and DSC peaks which are low and long high 
temperatures after pre-annealing are also an indication of grain growth.   
1.2 Superalloys and Electrodeposition of Rhenium Alloys  
The rapidly growing application for rhenium is as an alloying element in 
superalloys used in the production of single crystal turbine blades for jet engines. 
Additions of 3-6% rhenium to such alloys make it possible to operate the engines at 
higher temperatures which improves both the performance and the fuel economy. Such 
alloys are also being considered for other components in jet engines. 
 Superalloys are high-temperature, heat-resistant materials that are capable of 
retaining high mechanical strength at elevated temperatures. They have good corrosion 
and oxidation resistance, and superior creep and rupture strength at elevated temperatures. 
Because of their superior strength24 at elevated temperatures nickel-based superalloys are 
the most widely used superalloys in high-temperature applications including aircraft, 
marine and industrial gas turbines, space vehicles, rocket engines, nuclear reactors, steam 
power plants, etc., these alloys contain several alloying elements such as Al, Cr, Ta, Re, 
Ti, Mo, and W. Chromium primarily provides the high-temperature oxidation and 
corrosion resistance characteristics, and other alloying elements such as aluminum, 
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molybllum, titanium, tantanium, tungsten, rhenium, etc. provide the high-temperature 
strength and creep resistance properties. Up to date, superalloys are still prepared by 
metallurgical processing and impossible to use in LIGA processing. The electrochemical 
method allows us to obtain rhenium-content deposits at the room temperature. Such 
deposits can be used in silicon microtechnology for field emitter, barrier and high-
resistant layers25.  
 Though some researchers have investigated the possibility of producing rhenium 
alloys by electrodeposition, i.e. Cu-Re25, 26 , 27 , Co-Re 28 , 29 , 30 ; little is published on 
electrodeposition of Ni-Re alloys. To our knowledge, the first report on electrodeposition 
of Ni-Re alloys is that of Berezina et al31., in which metallic deposits of Ni-Re alloy 
(containing up to 35% rhenium), were made from acetate electrolytes.   
 The purpose of the present work was to investigate electrodeposition crystalline 
nickel-rhenium alloy by differential scanning calorimetry (DSC) complemented by 
transmission electron microscopy (TEM) on sample in as-deposited and annealed state. In 
order to better understand the microstructure – mechanical property relations in these 















CHAPTER 2 EXPERIMENTAL PROCEDURE  
2.1 Optimization of Electroplating Conditions 
The nickel-rhenium samples were electroplated from nickel sulfamate-based bath in a 
267ml Hull cell with an electric mixer set for moderate agitation. The pH value of plating 
bath was adjusted by adding ammonia or sulfamic acid. The exact composition of plating 
bath is summarized in Table 2.  
 
Table 2. Composition and operating conditions of nickel –rhenium plating 
bath 
 
Ni(NH2SO3)2 . 4H2O 400 g/L 
Boric acid 30 g/L 
Perrhenate salt 2 g/L 
Wetting agent 0.2 g/L 
Stress reducer 5.0 g/L 
Brightener 0.2 g/L 
Temperature 40 °C 
 
 
Brass plates were used as substrates. All substrates were prepared as follow 
procedures: 
a. Ultrasonic clean 10 minutes in isopropanol. 
b.  Rinsing with water and D.I. water 
c. Active 10 minutes in 10% dilute sulfamic acid solution to clean the oxides on the 
surface 
d. Rising with D.I. water 
2.2 Microstructural Characterization of Ni-Re Deposits 
(a) Composition 
Composition of the deposits was measured by wavelength-dispersive spectrometer 
(WDS) on a JEOL JXA-733 electron microprobe with automated wavelength dispersive 
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spectrometers. WDS measurements were conducted under the accelerating voltage of 
15kV and beam current of 10nA. Standards for Nickel and Rhenium were pure nickel and 
pure rhenium respectively. 
(b) Microstructure 
The nickel-rhenium alloy was deposited onto 314L stainless steel from sulfamate 
based bath solution with current density of 15 mA/cm2 , pH of 4±0.2 and temperature of 
40°C.  Samples were in round disk shape with diameter of 3mm.  The entire batch of 
samples is plated in one process in order to eliminate the possible sample variations 
caused by difference plating conditions. The atomic content of rhenium in Ni-Re 
electrodeposits is 18.52 %. Samples were used to investigate microstructure, thermal 
stability, and mechanical property except tensile tests. 
DSC was conducted using TA Instrument Q100 DSC system.  Two identical runs 
were performed on the same sample with the heating rate of 20°C/min.  After the first 
run, the tested sample was used to go through the same testing procedure again with the 
same parameters.  The data from the second run was used as baseline.  Transmission 
electron microscope (TEM) was used to exam the grains for the samples as deposited and 
after different isothermal tests.  TEM specimens were prepared by grinding using a 
sequence of 200 to 800 grit sandpapers and polishing with a disk grinder (DAP-3, 
Struers) to mirror finished surface.   Dimpling followed using a Gatan Model 656 grinder 
with a Copper grid and fine diamond paste to a thickness around 10µm followed by ion 
milling using a Gatan Model 691 Ion Polishing System.  TEM images were taken in a 
JEOL JEM 2010 electron microscope operated at 200 kV with a point-to-point resolution 
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of 0.23 nm. The grain size measurement was conducted using Scion Image software from 
Scion Corporation.   
2.3 Mechanical Property 
The microhardness of nickel-rhenium alloy samples, as deposited and after annealing 
treatments, were measured using Future-Tech Microhardness Tester (FM-1E) with a 50 
gram load on the Knoop indenter. 
Nanoindentation was used to measure reduced elastic modulus and hardness of the 
deposits on a Hysitron Triboscope combining Digital Instrumental Scanning Probe 
Microscopy –SPM 3000. All specimens were prepared by grinding using a sequence of 
200 to 1200 grit sandpapers and polishing to mirror finished surface with nanocloth.  
Dog-bone shape microsamples in this study were nickel-rhenium alloy prepared by 
using the LIGA process. The microsamples were electrodeposited into PMMA molds 
using a nickel sulfamate based solution operated at a pH of 4.0±0.2, a bath-temperature 
of 40 °C, and a current density of 15 mA/cm2. Each microsample has overall dimensions 
of 1.7 mm x 0.6 mm and was deposited to a thickness of approximately 400um, which 
was 100 µm thicker than the PMMA molds. The over-plated material was removed by 
using lapping machine and the top and bottom faces of the microsamples were 
mechanically polished to a mirror finish before mechanical properties testing.  
The substrate for plating microsamples was prepared as the following procedures: 
1) E-beam 100 Å of Cr on Si wafer, E-beam 500 Å of Ni on Cr. 
2) Spin coat 9% OCG PMMA resist at 2000 RPM for 40 seconds. 
3) Bake at 180°C for 1 hour. 
4) Bond 1-2 mm PMMA on to the spin coated wafer using MMA solution 
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a) prepare PMMA sheet by baking in oven at 80°C for 2 hours 
b) remove all burrs created during cutting by using a razor blade 
or sand paper 
c) clean PMMA using isopropyl alcohol and cleanroom wipes 
d) place wafer on bonding apparatus and adjust the position marker 
e) place PMMA on the wafer with a thin shim at one edge 
f) apply a few drops of MMA solution at the edge of the PMMA next 
to the shim and allow the MMA to sip under the PMMA 
g) remove the shim 
h) remove any air bubbles trapped inside by pressing on the PMMA 
i) cover with a cleanroom wipe and apply 1 Kg brass weight for 6 
hours 
5) Fly cut to the appropriate thickness 
6) Expose with X-ray with a bottom dose of 3500 J/cm2. 
7) Develop with the GG developer and rinse solutions. 
8) Rinse with D.I. water. 
9) Dry in air. 
 
Tensile tests were carried out on a dynamic mechanical analyzer (DMA 2980, TA 
Instrument Inc.) with a load (max. 18 N). The geometry of the tensile specimens is shown 





Figure 2.1 Optical micrograph of LIGA Ni-Re microsample  
 
2.4 Thermal Stability  
The thermal stability was conducted by modulated differential scanning calorimetry 
(MDSC) using a TA Instrument Q100 MDSC system. Initial temperature was 30°C and 
















CHAPTER 3 RESULTS AND DISCUSSION  
3.1 Effects of Plating Parameters on the Deposit Composition 
The effects of pH and current density on the alloy composition in the nickel-
rhenium co-deposition were conducted at current densities and the pH range where dense, 
well-adhering deposits were obtained. The atomic rhenium content of Ni-Re alloy for 
different acidity bath solution operated at different current density is given in Figure 3.1.  
The effect of the current density on the Rhenium atomic content in the alloy 
generally decreases with the increase of current density. In Fig. 3.1 (c), (d) and (e), at low 
current density region with low bath acidity, the results demonstrate that the Re atomic 
content in alloy deposits decreases sharply with the increase of current density. From the 
experimental results, at high current density region, the Re atomic content in the alloy 
decreases smoothly with the increasing of current density, especially, at pH 5.5 in Fig. 
3.1 (e).  
Test results in Figure 3.2 present the effect of pH on the rhenium atomic content 
in nickel-rhenium co-deposition films at different operating current density. They  
indicate that steady composition film can be deposited at pH range from 4.0 to 5.0 with 
low operating current density. Speranskaya32 founded that the general formula of the 
perrhenate-ion electrochemical reduction in acidic solution can be written as follows: 
ReO4 - + 8H+ + 7e → Re0 + 4H2O 
Some research33,34,35,36,37 on electroreduction of rhenium from aqueous acid perrhenate-
containing solutions demonstrated that H+ takes part in the electrochemical reduction of 
perrhenate-ion. The acidity of bath solution effects on the reduction of Re. Our results 
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(b) pH 4.0 
 
 
Figure 3.1 The rhenium atomic content of the Ni-Re alloy as a function of the 
operating current density at different pH. The pH of (a), (b), (c), (d), and (e) is 3.5, 
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(d) pH 5.0 
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(e) pH 5.5 
 























(a) current density 4 A/ sq foot 
 
Figure 3.2 The Re atomic content in the Ni-Re alloy as a function of the 




















































(c) current density 8 A/sq ft 
 










































(e) current density 16 A/sq ft 
 
 












































(g) current density 24 A/sq ft 
 
 

















































(i) current density 50 A/sq ft 
 
 






















(j) current density 60 A/sq ft 
 
Figure 3.2 (Continued) 
 
 
3.2 Thermal Stability of Deposit 
The DSC results were shown in Figure 3.3. The top curve was the result of the 
second run data. The bottom one was the result of the first run data. The results 
demonstrate that there is no abrupt grain growing reaction peak at elevated temperatures 
for Ni-Re co-deposit sample. The thermal behavior for Ni-Re alloy is characterized by a 
smooth increase and the presence of a small broad peak at around 600oC. It has been 
demonstrated by Cziraki38[30] that nanocrystalline electrodeposited nickel revealed an 
exothermic peak around 600 K. Electrodeposited nickel-rhenium alloy revealed no 
significant exothermic peak below 600oC. This can be explained that heat-resistant 





Figure 3.3 The DSC results of plated Ni-Re alloy from room temperature to 700 °C 
 
 
3.3 Microstructure of Electrodeposited Ni-Re Deposits 
The annealing experiments were performed under a nitrogen environment (DSC 
Q 100). Microstructures of as-deposited Ni-Re alloy and after annealing at different 
temperatures were investigated by TEM.  The grain size measurement was conducted 
using NIH image software.   
The metallographic results of as-deposited Ni-Re alloy were shown in Figure 3.4. The 
average grain size of as-deposited Ni-Re alloy is 385 nm.  Figure 3.5 presents the bright-
field micrograph of annealed Ni-Re alloy after annealing 90 minutes at 350°C. For 
annealed Ni-Re alloy which was annealed at 350 °C with 90 minutes, the average grain 
size is 380nm. Figure 3.6 presents the TEM metallographic results of annealed Ni-Re 
alloy after annealing 90 minutes at 600°C. The average grain size is 390 nm for annealed 
 23
Ni-Re alloy after annealing 90 minutes at 600 °C. Figure 3.7 reveals the metallographic 
results of annealed Ni-Re alloy after annealing 90 minutes at 900°C. The average grain 
size is 1600 nm. TEM investigations of annealed electrodeposited Ni-Re alloy indicated 
no significant grain coarsening below 600 °C. TEM results agree well with the DSC 
study of Ni-Re alloy. 
3.4 Mechanical Properties 
In order to investigate the effect of annealing temperature on mechanical 
properties, annealing experiments and nanoindentation were performed for Ni-Re alloy 
deposits. Ni-Re alloy samples have been annealed 90 minutes at different annealing 
temperature.  Figure 3.8 presents the microhardnees of electrodeposited Ni-Re alloy after 
heated 90 minutes at different annealing temperature. The microhardness value of as 
deposited nickel-rhenium alloy is around 770 (Knoop). The microhardness value after 
isothermal treatment at 600°C for 90 minutes is around 390 (Knoop). The microhardness 
value after isothermal treatment at 280°C for 90 minutes is around 720 (Knoop). From 
the experimental results, after annealing, the microhardness of electrodeposited Ni-Re 
alloy reaches the peak at 280 °C, and then the microhardness deteriotes with higher 
elevated annealing temperature. The nanohardness of electrodeposited Ni-Re alloy after 
annealed 90 minutes at different annealing temperature was shown in Figure 3.9. The 
nanohardness of as deposited nickel-rhenium alloy is around 6.5 GPa. After annealed 90 
minutes at 280°C, the nanohardness of Ni-Re alloy is around 7.7 GPa which is higher 

























nanohardness of Ni-Re alloy decreased to 3.8 GPa.  From the experimental results, the 
nanohardness of Ni-Re alloy agrees well with the microhardness of Ni-Re alloy at 
elevated temperature.  
Figure 3.10 presents the contact stiffness of Ni-Re alloy after annealed 90 minutes 
at different annealing temperature. The contact stiffness of as-deposited Ni-Re alloy is 
around 150 µn/nm. The contact stiffness of Ni-Re alloy after isothermal treatment at 
600°C for 90 minutes is around 150 µn/nm. After annealed 90 minutes at 280°C, the 
contact stiffness of Ni-Re alloy is about 190 µn/nm, which is higher than that of as-
deposited. It matches with the nanohardness of Ni-Re alloy at elevated temperature.  
The reduced modulus of electrodeposited Ni-Re alloy after annealed 90 minutes 
at different annealing temperature was shown in Figure 3.11.  The reduced modulus of 
as-deposited Ni-Re alloy is around 140 GPa. The reduced modulus of Ni-Re alloy after 
isothermal treatment at 600°C for 90 minutes is around 120 GPa. After annealed 90 
minutes at 280°C, the reduced modulus of Ni-Re alloy is about 150 GPa, which is higher 
than that of as-deposited. 
Tensile tests were carried out on a dynamic mechanical analyzer (DMA 2980, TA 
Instrument Inc.) with a maximum load 18 N. The initial force was 0.001N with the 
load rate at 1 N/s. The tension test results of electrodeposited Ni-Re alloy were shown 
in Figure 3.12 and Figure 3.13, which indicates Ni-Re alloy has good tensile stress at 
elevated temperature. The tensile stress of electrodeposited Ni-Re alloy is about 360 
MPa at 400°C. This can be explained that adding heat-resistant element rhenium in 


























Figure 3.8  The microhardness of electrodeposited Ni-Re alloy after annealed 90 
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Figure 3.9 The nanohardness of electrodeposited Ni-Re alloy after annealed 90 
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Figure 3.10 The contact stiffness of electrodeposited Ni-Re alloy after annealed 90 
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Figure 3.11 The reduced modulus of electrodeposited Ni-Re alloy after annealed 














Figure 3.13 Tension test results of electrodeposited Ni-Re alloy at elevated 





















CHAPTER 4 CONCLUSIONS 
The electrodeposition, thermal stability, microstructure, and mechanical properties of 
nickel-rhenium alloy have been investigated in the research work presented in this thesis. 
This investigation represents a comprehensive study on the microstructure-properties 
relation ships of as-fabricated and annealed nickel-rhenium alloy from nickel sulfamate-
based aqueous acidic solution electrodeposition. The conclusions may be summarized as 
follow: 
•  Plating current density and pH value of plating bath are two major parameters 
affecting the composition of nickel-rhenium alloy for an exact composition of 
plating electrolytes.  
•  A modulated DSC study of submicron grain sized Ni-Re alloy revealed no 
significant exothermic peak under 600 °C. TEM investigations of samples 
heat treated under this temperature indicated no significant grain growth 
during annealing. 
•  At 15 mA/cm2, designated as a deposition current density for LIGA nickel-
rhenium plated from a sulfamate bath, the tensile strength was approximately 
360 MPa at 400°C. 
•  Both microhardness and nanohardness of electrodeposited Ni-Re alloy 
decreased significantly during heat treatments at temperatures greater than 
280 °C. Degradation in reduced modulus occurred with 90-minute-annealing-
treatment temperatures exceeded 280°C.  
•  In order to control the composition of Ni-Re alloy, further research work is 
needed to characterize the mechanism of electrodeposition. 
 32
•  Ni-Re alloy is a magnetic material. It is possible to be applied in high-temp 
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